The x-ray crystal structure analysis of a cholesteryl ester solid solution, cholesteryl undecanoate/cholesteryl laurate in a molar ratio 0.52/0.48, is described. The unit cell is monoclinic with a = 13.005(2) A, b = 9.005(1) A, c = 31.421(3) A, and 18 = 90.82(1)°and the space group P21 with Z = 4 (two molecules per asymmetric unit). Thus, the d4,j spacing is almost the value predicted by Vegard's law from the values for the pure compounds. The room-temperature crystal structure is very much like that of cholesteryl laurate monolayer I packing, in the form where the esterifled fatty acid chains are fully extended, with no salient sign ofconformational disorder seen in this binary solid. The final R factor for 6571 observed reflections is 0.097. No less important is how molecular geometry will influence the stability of a solid solution or a solution in the liquidcrystalline state, since natural accumulations of cholesteryl esters are a polydisperse combination of chain lengths. In the last several years, extensive studies of cholesteryl ester binary solids (3-7) have shown that the parameters which govern the formation of a stable solid solution are essentially the ones postulated originally for molecular crystals by Kitaigorodskii (8) . Hence, for a solid solution to occur, the molecular components must be able to pack, first of all, in the same layer structure (4). Two esters with nearly the same molecular volume, therefore, will not be able to form a solid solution, if each will prefer its own unique crystal structure. However, within a layer packing common to a chain-length series, relative molecular volumes are the single factor that influences the stability of the crystalline-solid solution (4, 5) .
Z = 4 (two molecules per asymmetric unit). Thus, the d4,j spacing is almost the value predicted by Vegard's law from the values for the pure compounds. The room-temperature crystal structure is very much like that of cholesteryl laurate monolayer I packing, in the form where the esterifled fatty acid chains are fully extended, with no salient sign ofconformational disorder seen in this binary solid. The final R factor for 6571 observed reflections is 0.097.
Because of their importance as components of immobilized lipid masses in diseases such as atherosclerosis, cholesteryl esters have been extensively studied in recent years in terms of their solid-state and liquid-crystalline behavior (1) . From the extensive crystallographic work of Craven and his coworkers (ref. 2, for example), it is now known that many of these neutral lipids often crystallize in one of three preferred layer packing arrays, each of which has a unique expression of sterol-sterol, chain-chain, and chain-sterol interactions. Geometric parameters obtained from these crystal structures have been very important for postulating which molecular conformations and pairwise clusterings are most important in the liquid-crystalline state expressed by such lipid masses in vivo (1) .
No less important is how molecular geometry will influence the stability of a solid solution or a solution in the liquidcrystalline state, since natural accumulations of cholesteryl esters are a polydisperse combination of chain lengths. In the last several years, extensive studies of cholesteryl ester binary solids (3) (4) (5) (6) (7) have shown that the parameters which govern the formation of a stable solid solution are essentially the ones postulated originally for molecular crystals by Kitaigorodskii (8) . Hence, for a solid solution to occur, the molecular components must be able to pack, first of all, in the same layer structure (4) . Two esters with nearly the same molecular volume, therefore, will not be able to form a solid solution, if each will prefer its own unique crystal structure. However, within a layer packing common to a chain-length series, relative molecular volumes are the single factor that influences the stability of the crystalline-solid solution (4, 5) .
In an initial study of solid solutions within a given layer packing motif, it was found that an acyl chain-length difference of just one carbon atom resulted in melting behavior close to that predicted from Roautlt's law (5) . For one of the crystal structure types studied, solid solutions in the bilayer form [using Craven's nomenclature (2) ] could be imagined to compensate for the chain-length difference in a fashion which is very similar to the copacking in binary n-alkane lamellae (9) , since the methylene chain regions are sequestered. Stabilization of such a solution in the monolayer I structure was more difficult to interpret in terms of a crystal structure, on the other hand, because the polymethylene chains pack next to sterol rings and thus do not form a methylene subcell. Nevertheless, superposition of crystal structures for two esters (10, 11) in the monolayer I structure, which differ by one methylene group, also reveals them to occupy very similar molecular volumes (5) .
Recently, considerable progress has been made toward understanding how molecular volume differences can cause phase separation in relatively simple layer structures such as the n-alkanes (9, 12) , leading to the discovery of solid-state diffusion processes which can be described by subtle sequences of changing crystal structure ( unit cell parameters were determined by a least-squares fit to 25 reflections measured within the angular limits 21.090 < 20 < 29.37°. Intensity data collection at room temperature was monitored by periodic measurement of intensity values for six standard reflections to detect the occurrence of radiation damage to the crystal. In all, 8056 unique reflections were measured, of which 1478 were judged to be unobserved, based on the criterion that 1Fol < 3.0olFoI.
STRUCTURE ANALYSIS
The unit cell is found to be monoclinic with dimensions comparable to those measured for the pure components at room temperature ( Table 1 ). The noncentrosymmetric space group for all these examples is P21 (13) with two molecules in the asymmetric unit. The unit cell parameters are intermediate between the ones found for the pure compounds.
Indeed, the measured doo, = c sin (3 = be below that of the pure components (4) and that there may be slight differences in crystalline composition in the batch.
Assuming the structure of the solid solution to be related to that of its pure components, a trial model was constructed from previously determined atomic coordinates (10, 11) . (The atomic numbering scheme is represented in Fig. 1 .) At first, only the cholesteryl nuclei were included, then initial segments of the esterfied acyl chains were added. Additional chain atom positions were then sought from electron density maps based on the phases estimated initially from the molecular fragments. All acyl chain carbon atoms were located for the A chain but only eight were found for the B chain, with an unresolved positive density region extending beyond these latter peak positions. The last four carbon positions were then added as suggested by the crystal structure ofthe laurate (11) . Full matrix least-squares refinement was carried out on the increasingly large segments of the molecule with anisotropic thermal parameters used for atoms within the steroid nucleus and those immediately attached to it. Outer segments of the isoprenoid and acyl chains, when located in the map, were refined, assuming isotropic mean-square atomic displacements. After the last refinement cycle, hydrogen atom positions were added to the atoms with the smallest thermal motion, generated at theoretical positions. The final R factor for all atoms refined against 6571 reflections (rejecting 7 low-angle measurements on the basis of a normal probability distribution) is 0.097. The weighted R = 0.129 and the unweighted R including all unobserved reflections is 0.106.
RESULTS
The molecular packing of the binary solid solution is very much like that expected for cholesteryl laurate (11) (Fig. 2) or any other representative monolayer I-type cholesteryl ester crystal structure (2) . For the molecular pair in the asymmetric unit, one, designated A in Fig. 2 , many atoms have reasonably small thermal vibrational amplitudes. The largest motion is found at the end of the C17 isoprenoid side chain (Fig. 3a) . This is contrasted with molecule B (Fig. 2) , for which the acyl chain has very large thermal displacements, particularly at 1824 Biophysics: Dorset and Pangborn found by Sawzik for the laurate at room temperature (16) . Therefore, the regions of relatively small thermal motion in the crystal are found to form a tightly packed layer, whereas the segments with larger vibrational amplitude are located at molecular interfaces (Fig. 2) . As has been often noted, this is characteristic of the monolayer I crystal structures (10, 16 (11) . the partial occupancy of the terminal methyl group is assumed to be Molecular conformations are consistent with earlier deteridentical for both molecules of the asymmetric unit. mined structures (16) . Both isoprenoid side chains are fully extended with torsion angles very similar to the values found for the chain end (Fig. 3b) , whereas the isoprenoid side chain for the higher-temperature laurate structure. In addition, within the this molecule has relatively small vibrational motion. The uncertainty of diffuse electron density distribution for the B thermal parameters (Table 2) are quite similar to the values chain, both acyl chains are fuilly extended with approximate trans conformations for all bonds, contrasting with the conformational disorder found at a cholesteryl laurate chain end by Dahldn (14) .
[The laurate structure determined by Sawzik and Craven (11) , on the other hand, has fully extended B-acyl chains at room temperature, including the chain termini. Note, however, that an isotropic B = 58 A2 reported for the partially occupied C39 in molecule B (Table 2) corresponds to an rms displacement of 0.86 A.]
DISCUSSION
Given the difference in measured average molecular volumes for cholesteryl undecanoate (10) and cholesteryl laurate (11) at room temperature-i.e., A = 26.6 A3-it is not surprising that the two molecules form continuous solid solutions at all concentrations. The degree of similarity defined by Kitaigorodskii (8), E = 1 -(Air) = 0.97, where r = 909.7 A3, is the overlap volume for the two pure molecules, is certainly well within allowable range for such cosolubility. What is surprising from the crystal structure analysis is that there is no salient conformational disorder detected at the molecular layer interface, despite the reported observation of such disorder in one crystal structure determination of pure cholesteryl laurate (14) . [Of course, the high thermal motion of chain atoms at this interface may obscure the fact that the two room-temperature crystal structures could be identical, even though a possible solvent effect on the crystallization of this structure has been mentioned (16) .]
The prospect for interfacial packing disorder is more likely for rapidly crystallized samples. Electron diffraction measurements of binary solids of this ester pair epitaxially oriented by cooling a comelt with benzoic acid (4) show that the lamellar spacing is nearly constant for large concentration domains, with solids containing less than 45 mol% cholesteryl laurate crystallizing as cholesteryl undecanoate and those with a larger concentration crystallizing as the laurate structure. Similar steplike increases of lamellar spacing have been noted for the n-paraffins (12) . In terms of crystal density, the binary solids crystallizing as the undecanoate structure would start with a value of 1.013 g cm-3 at 0 laurate concentration and increase to 1.024 at X12 = 0.45. Those solids in the laurate structure would decrease from 1.009 g-cm-3 to 0.996 g cm-3 at X12 = 0.5. Thus, since a twisted acyl chain is found for the high-density cholesteryl laurate structure (p = 1.036 gcm-3) at 198 K (17), it is likely that the laurate-rich solids in the undecanoate structure may also contain this sort of interfacial disorder.
The near adherence to Vegard's law found in this slowly crystallized solid solution is expressed by a crystal which has the same calculated density as pure cholesteryl undecanoate (10 (11) . The observed unit cell shortening is the most obvious consequence of the solid solution formation, because otherwise there is no sign of increased molecular disorder or atomic thermal motion to fill a "void."
These interesting results point to further experiments. For many solid solutions, there is a theoretical critical temperature below which phase separation occurs (12) . When the (10, 11) are relabeled to correspond to the orientation found in the solid-solution structure (Table 2 ).
low-temperature structure analysis of cholesteryl laurate (17) is used as a guide, it is clear that a similar analysis of this solid solution at 198 K would enable us to investigate packing constraints for a denser structure. This may lead to ideas about fractionation mechanisms, particularly since the smaller atomic motion found at this temperature (17) will permit a more precise determination of acyl chain geometry. It will also be interesting to investigate the structure of solid solutions formed from esters with greater molecular volume differences-e.g., the calculated degree of similarity for cholesteryl caprate/cholesteryl laurate (a difference of two methylene groups in the acyl chains) is E = 0.94, again well within the range of continuous cosolubilization, as verified by our experimental phase diagram (5) . An x-ray data set for a near-1:1 solid solution of these esters again results in a c sin p value (31.13 A) that is between the values determined for the pure caprate (30.2 A) (18) or laurate (32.0 A). The space group remains the same and the a and b values are again nearly the same as those found for the pure compounds. Additionally, the copacking of other crystalline forms should be investigated, and crystals of a nearly 1:1 molecular composition in the bilayer structure (2)-i.e., cholesteryl myristate/cholesteryl pentadecanoate-have been grown for this purpose. Appreciation of the molecular packing constraints in such binary solids will therefore enable us to propose more accurate models for polydisperse smectic layers relevant to neutral lipid accumulation in vivo.
